Male and female Fischer-344 (F-344) and male NCI-Black-Reiter (NBR) rats were dosed with 0, 35.5, or 71 mg 1,3,5-trinitrobenzene (TNB)/kg/day for 10 days. Male F-344 rats were dosed with TNB (0 and 35.5 mg/kg) for 20 and 30 days. Hematoxylin and eosin and Mallory-Heidenhain stains and alpha-2u-globulin and proliferating cell nuclear antigen immunohistochemical stains were performed on kidney sections. All treated male F-344 rats exhibited dose-related accumulation of hyaline droplets containing alpha-2uglobulin in proximal tubules. The kidney weights were significantly increased in male and female rats treated with TNB. Significant increases in cell proliferation in proximal tubules were observed in male F-344 rats. Renal changes observed in TNB-treated rats appeared identical to those from other chemicals that induce alpha-2u-globulin nephropathy in male rats. No hyaline droplet accumulation was found in female F-344 and male NBR rats at any doses. We can conclude that TNB induces dose-related exacerbation of hyaline droplets containing alpha-2u-globulin in male rat kidney and subsequent cell proliferation.
INTRODUCTION
The nitroaromatic compound 1,3,5-trinitrobenzene (TNB), a process and environmental byproduct of 2,4,6trinitrotoluene, has been detected as an environmental pollutant of surface water, ground water, and soil near munition plants and production waste disposal sites (53, 55) . Recently, it has been reported that TNB exposure can induce renal toxicity characterized by hyaline droplet accumulation in proximal tubules in male rats (37) (38) (39) .
Alpha-2u-globulin (alpha-2u-G) is a primary constituent of hyaline droplets in male rats and the essential factor that renders male rats susceptible to chemically induced hyaline droplet nephropathy (4, 22, 31) . Hyaline droplet nephropathy is manifested as protein droplets in proximal tubules and is caused by the reversible and noncovalent binding of a variety of chemicals or their metabolites to alpha-2u-G (6, 8, 20-26, 30, 44-47, 49, 50) . The formation of alpha-2u-G-chemical complex results in decreased hydrolysis in lysosomes of the proximal convoluted tubules, subsequent lysosomal overload, and degeneration and necrosis of the proximal tubular epithelial cells followed by compensatory renal tubular cell proliferation (44, 46, 50, 51, 58) . It is believed that a sustained increase in cell proliferation leads to the development of renal tubular neoplasms (9, 43, 44) . This renal disease occurs in male rats but not in female rats or either sex of mice, guinea pigs, hamsters, dogs, or monkeys (1, 28, 33, 46, 50, 51, 57) . The only male rat strain known to not develop this renal disease is the NCI-Black-Reiter (NBR) rat (9, 10, 23, 40) . Chatterjee et al (7) reported that the male NBR rat does not synthesize alpha-2u-G in the liver.
Because reports of the renal toxicity of TNB are confined to a few abstracts, the purpose of the current study was (a) to determine the role of alpha-2u-G in the pathogenesis of the hyaline droplet nephropathy caused by TNB by comparing the renal lesions between male F-344 rats and female F-344 and male NBR rats, (b) to identify the nature of the protein droplets by immunohistochemistry, and (c) to evaluate the renal cell replication by immunohistochemistry using proliferating cell nuclear antigen (PCNA), an endogenous cell replication marker.
MATERIALS AND METHODS
TNB (99.83% purity) was obtained from the Naval Surface Center (Silver Spring, MD) and the purity of the compound was confirmed by high-performance liquid chromatography. TNB was mixed with corn oil in a Potter-Elvehjem grinder daily prior to dosing. The oral LD,o for TNB in rats has been determined to be 284 mg/kg for combined sexes (13) . The one-eighth (35.5 mg/kg) and one-fourth (71 mg/kg) LD,, doses were selected for these studies based on findings from a previous study (37) . Twenty-six male and 12 female Fischer (F-344) rats and 12 male NBR rats aged between 9 and 11 wk were used in the experiment. The animals were housed singly and provided feed (Purina Rat Chow) and tap water ad libitum. After a 2-wk acclimatization (12-h light/12-h dark cycle, 72 ±-2°F, 50 ± 10% relative humidity), male NBR and female F-344 rats were exposed to TNB for 10 days. Male F-344 rats were stratified by body weight and randomly assigned to 3 exposure periods of 10, 20, and 30 days. The rats were further randomized to dose group within each exposure period. Within 10-day exposure periods, 4 rats were separated into 3 TNB dose groups of 0, 35.5, and 71 mg/kg. Within 20-and 30-day exposure periods, 3 rats served as controls and 4 rats were administered TNB at 35.5 mg/kg. The rats were gavaged with TNB in corn oil by feeding needle. Controls received the same volume of corn oil. All treatments were conducted once a day between 9:00 am and 10:00 am for 10, 20, and 30 days and body weights were recorded daily. All rats were fasted for 15 hr prior to termination. At the end of each experimental period, all rats were anesthetized with Metofane&copy; (Pitman-Moore, Mundelein, IL). For renal morphology, the kidneys were fixed by retrograde perfusion via the abdominal aorta with sodium phosphate buffer (pH 7.4) containing 2% paraformaldehyde and 1 % glutaraldehyde, as previously described (45) . The left kidney was further fixed in 10% neutral-buffered formalin and embedded in paraffin. The liver, kidney, spleen, testicle, and brain were weighed at necropsy. Sections of all parenchymal organs were collected in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 5-6 )JLm, and stained with hematoxylin and eosin. Sections of kidney were stained with Mallory-Heidenhain stain (5) for hyaline droplets. Immunohistochemical staining with anti-alpha-2u-G antiserum (courtesy of Dr. S. J. Borghoff, Chemical Industry Institute of Toxicology, Research Triangle Park, NC) was performed using an avidin-biotin complex on kidney sections as described by Burnett et al (4) and Kurata et al (23) . Immunohistochemical staining for PCNA was done on kidney sections from all male F-344 rats. The staining procedure was modified from several sources (14, 16, 17, 40) . Microwave pretreatment of tissue section in an antigen retrieval solution was performed. The percentage of S-phase cells was determined by examining 35,000-45,000 cells in P, segments of proximal tubules per slide, 2 slides per animal, using light microscopy. At least 20 random fields of each kidney section were used, and counts were completed manually using an ocular grid reticle.
Statistical differences were determined by using PC-SAS (SAS Institute Inc., Cary, NC). All data were tested for homogeneity of variances prior to analysis of variances (Proc. GLM, SAS), and heterogeneity of variances was not observed. When significant F-values were obtained, the method of least square means (LSM) was used to determine significant differences between treatment means. Unless otherwise mentioned, p-values of 0.05 were considered to be significant.
RESULTS
The kidney/body weight ratios showed dose-related increases in all treated rats with TNB for 10 days (Table   TABLE I the protein droplet accumulation and alpha-2u-G concentration increased with longer exposure period. No other differences between the kidneys of control male F-344 rats and control or treated female F-344 or male NBR rats and those of treated male F-344 rats were demonstrated by light microscopy.
PCNA immunostaining revealed S-phase cells characterized by dense nuclear immunoreactivity (Fig. 6 ). Only S-phase cells in the P2 segment of renal proximal tubules were counted, and the percentage of cells in S phase of each group is summarized in Table II . Male F-344 rats receiving 35.5 mg/kg (p < 0.001) or 71 mg/kg (p < 0.05) showed significant increases in S-phase cells and an inverse dose relationship at 10 days. Rats receiv- ing 35.5 mg/kg for 20 days showed slightly decreased cell proliferation compared to controls, which was not statistically significant. A greater magnitude (p < 0.001) of increased cell proliferation was observed in rats receiving 35 .5 mg/kg for 30 days (Fig. 7 ).
DISCUSSION
Renal toxicity has been reported with the nitroaromatic compound nitrotoluene in male rats (12) . An increased accumulation of hyaline droplets within the cytoplasm and lumen of the renal tubules associated with an increased renal concentration of alpha-2u-G was observed. The results from the present study demonstrated that exposure to TNB in male rats produced dose-related increases in hyaline droplet formation in the renal proximal convoluted tubular epithelium. There were dilated tubules with intratubular protein and necrosis of tubular cells. These observations have been reported following treatment with chemicals that cause hyaline droplet nephropathy (6, 8, 20-26, 30, 44-47, 49, 50, 52, 56) .
The liver of male NBR rats and all strains of female rats do not synthesize alpha-2u-G (7) . Hyaline droplets were not detected in female F-344 and male NBR rats at any doses, and these results are comparable to those found in other studies of alpha-2u-G inducers (1, 46, 50, 57) . The lack of alpha-2u-G and hyaline droplets in kidneys of female F-344 and male NBR rats suggests the pivotal role of alpha-2u-G in the pathogenesis of hyaline droplet nephropathy induced by TNB.
Borghoff et al (3) reported that kidney/body weight ratios were not changed in rats exposed to hyaline drop- Significantly different from control within the same exposure period at p < 0.05. let-inducing agents, such as unleaded gasoline and 2,2,4trimethylpentane. However, dose-related increases in kidney/body weight ratios were observed in all rats treated with TNB. These results are comparable to those reported following exposure to decalin, D-limonene, and TNB in male F-344 rats (21, 36) . Kurata et al (23) observed doserelated increases in kidney/body weight ratios in male rats, but not in female rats, exposed to sodium barbital and diethylacetylurea. The mechanism of increased kidney/body weight ratio is unclear, but it is possibly due to the metabolism of TNB. It appears that it is not solely related to alpha-2u-G formation because similar changes were seen in female F-344 and male NBR rats that did not develop alpha-2u-G nephropathy.
A variety of chemicals bind reversibly to alpha-2u-G, which appears to reduce the hydrolysis of the protein in proximal tubular epithelial lysosomes. Viau et al (54) demonstrated that alpha-2u-G-inducing chemicals do not affect the rate of hepatic synthesis of alpha-2u-G and protein resorptive capacity of renal proximal tubular cells. This study supports the hypothesis that decreased hydro- lysis of alpha-2u-G-chemical complex is the major factor affecting renal accumulation of protein droplets. The increased resistance to hydrolysis could result in exacerbation of hyaline droplet accumulation in P2 segments of the proximal tubules and cytotoxicity followed by compensatory proliferative responses in proximal tubules (44, 46, 50, 51, 58) . It has been assumed that sustained proliferation of renal tubule cells is associated with incidence of renal tubular neoplasms in alpha-2u-G nephropathy (9, 43, 44) . It is believed that at least 6 mo of exposure to hyaline droplet-inducing agents, such as unleaded gasoline or D-limonene, with resulting sustained cell replication leads to the development of renal tubular neoplasms (43) . Significant increases in proliferating cells (S phase) in P2 segments of proximal tubules were observed in rats treated with TNB for 30 days, and these results were comparable to those reported following exposure to hyaline droplet-inducing chemicals, such as unleaded gasoline, sodium barbital, and diethylacetylurea (23, 27) .
TNB-treated male rats showed 3.5-fold increases, whereas others exposed to unleaded gasoline for 18 days have shown 5-8-fold increases and those exposed to sodium barbital for 10 wk have shown 3-6-fold increases. TNBtreated male rats demonstrated 2-fold increases after 10 days, whereas others receiving perchloroethylene and pentachloroethane have shown 2-3.5-fold increases (15) . This study also revealed the changes in cell proliferation among 10-, 20-, or 30-day dose groups. These time-dependent changes in cell proliferation have not been reported in any other studies, and the mechanism related to this result is not fully understood at this point. Although chronic renal toxicity evaluation of TNB was not performed in this study, it is hypothesized that TNB would contribute to the promotion of renal tumors in alpha-2u-G nephropathy based on other investigators' studies with other alpha-2u-G-inducing chemicals (10, 47) . However, it has been reported that 1-(aminomethyl)cyclohexaneacetic acid, an alpha-2u-G-inducing agent, does not induce renal cancer in male rats treated for 2 yr (11) . This may be related to the insufficient renal tubular injury to effectively promote tumor formation. We have recently learned that rats fed TNB had testicular damage and no renal tumors. These rats were on a diet containing 5, 60, and 300 ppm of TNB (calculated 0.22, 2.64, and 13.44 mg TNB/kg/day) for 2 yr (Dr. T. V. Reddy, personal communication). It is likely that the failure to produce renal tumors is due to the toxic effects of TNB on testicles with resulting decrease in testosterone levels. It has been known that the decreased testosterone levels results in the decreased synthesis of alpha-2u-G (41) . The lower dose of TNB in these studies is also a likely contributing factor.
It was necessary to identify the nature of accumulating proteins in rat kidneys because abnormal accumulation of renal hyaline droplets that is not associated with alpha-2u-G has been observed in several disease processes. The renal injury including hyaline droplet accumulation secondary to histiocytic sarcoma in male and female rats and to multiple myeloma in humans have been identified as lysozyme and light-chain immunoglobulins, respectively (18, 34) . Excess amounts of lysozyme have been detected in the nephropathy of monocytic and myelomonocytic leukemia in humans (29, 35) . Immunohistochemistry demonstrated the increase in renal alpha-2u-G accumulation in treated male rats. This indicates that alpha-2u-G is a primary constituent of the hyaline droplets induced by TNB.
It has been known that several proteins isolated from serum and urine of various species including humans share extensive amino acid sequence homology with alpha-2u-G (32, 48) . It is unlikely that humans develop hyaline droplet nephropathy and renal cancer following treatment with alpha-2u-G-inducing agents (2, 19) . Thus, we can assume that despite the presence of TNB as an environmental contaminant humans are unlikely to develop hyaline droplet nephropathy induced by TNB.
In conclusion, the current study confirms that alpha-2u-G is important for hyaline droplet accumulation in male F-344 rats after administration of TNB. TNB induced dose-and time-dependent exacerbation of hyaline droplets and subsequent renal tubular cell proliferation. The cause of the increased kidney/body weight ratio that was seen in all groups exposed to TNB even in the absence of alpha-2u-G needs to be determined.
